Abstract: Congenital birth defects may result in a critical condition affecting the baby, including severe fetal/neonatal handicap and mortality. Several studies have shown that genetic, nutritional, and environmental factors may have an impact on fetal development and neonatal health. The relevance of essential and toxic elements on fetal development has not yet been fully investigated, and the results of recent research indicate that these elements may be crucial in the assessment of the risk of malformations in neonates. We determined the association between essential and toxic elements and the level of folate in maternal serum (MS) and amniotic fluid (AF), along with neonatal abnormalities. A total of 258 pregnant Polish women in the age group of 17-42 years participated in this study. AF and MS were collected during vaginal delivery or during cesarean section. An inductively coupled plasma mass spectrometry technique was used to determine the levels of various elements in AF and MS. The results of this exploratory study indicate that the levels of essential and toxic elements are associated with fetal and newborn anatomical abnormalities and growth disorders.
Introduction
The frequency of congenital abnormalities in Poland is approximately 2-4% of live births [1] . They are the primary cause of the deaths in newborns and are the most common cause of physical scale while women were wearing lightweight clothing. Maternal height was measured in centimeters and pre-pregnancy weight was self-reported. Pre-pregnancy body mass index was calculated. Birth weight of newborns was assessed using a digital weight scale at the third stage of delivery. The week of gestation was determined by first trimester obstetric ultrasonography.
Congenital birth defects were diagnosed prenatally by performing an ultrasound scan to detect anomalies at 20-24 weeks of gestation according to the guidelines of the Polish Society of Gynecologists and Obstetricians, which are based on the protocols of the International Society of Ultrasound in Obstetrics and Gynecology and Fetal Medicine Foundation. Abnormal prenatal findings and suspected congenital defects were re-evaluated in the neonatal period by pediatricians performing clinical examinations and using ultrasound (for brain scan, ECHO, abdominal scan) and X-ray (chest and lungs) techniques.
Fetal growth disorders, such as macrosomia and fetal growth restriction (FGR)/hypothropy, were established when ultrasound-estimated fetal weight according to the Hadlock formula exceeded the 90th or 10th percentile for gestation, respectively [17] . Gestational age was confirmed at the time of the first trimester scan at 11-14 weeks of gestation by CRL measurement [18] . Abnormal fetal growth patterns were re-evaluated using neonatal weight and growth charts by Fenton et al. [19] . Fetal birth-weight estimation was used only as a screening tool to select growth-affected pregnancies. Finally, the diagnosis of abnormal birth weight was reassessed after delivery with newborn growth charts and neonatal examination as a more accurate method.
Neonatal disorders found during the pediatric postpartum medical examination were classified as neurologic, respiratory, or cardiovascular according to standard newborn assessment protocols [20] .
Biospecimen Collection
Blood samples were collected from the antecubital vein of the pregnant women in the first stage of labor (latent phase) during admission to the delivery ward. Monovette test tubes (Neutral or Serum Z/7.5 mL; Sarstedt, Sarstedt AG & Co, Nümbrecht, Germany) were used without any anticoagulants to obtain blood serum and the tubes were spun for 30 min (3000 rpm/min at 4 • C) and then frozen. All serum samples were stored at −80 • C.
Samples of AF were obtained (5 mL) via transabdominal puncture at the surgical wound during cesarean section or transvaginal puncture using a speculum when cervical dilatation was above 4 cm during vaginal birth. The membranes were intact in both situations; sterile needles and syringes were used just before delivery. The samples were centrifuged (3000 rpm/min for 10 min at 4 • C), frozen, and stored at −80 • C.
Folate and Element Measurements
Folate analysis in AF and MS was performed according to the method described in our previous article [21] . We used chloramphenicol-resistant Lactobacillus casei as the test microorganism. The inter-assay variations for serum folate concentrations was 5.9%. Whole blood hemolysate (NIBSC code: 95/528) served as an external quality control; the measured mean folate concentration was 12.8 ng/mL (target value 13 ng/mL) with an inter-assay variation of 7.8%. Measurement of essential and toxic elements in AF and MS has been described by Markiewicz et al. [22] and Kocylowski et al. [23] . Samples were mineralized in a high-pressure, closed, microwave digestion system (Ethos One, Milestone). An Elan DRC II ICP-MS (PerkinElmer SCIEX, Ontario, Canada) was used to determine: Mg, Co, Cu, Zn, Sr, Cd, Ba, Pb, U, Ca, Cr, Al, Mn, V, and Fe in AF and MS. Calibration based on a weighted least squares calibration curve was employed for all elements. The linearity-calculated as R 2 -was acceptable for all analyzed elements (R 2 > 0.999). The trueness of the analytical method was assessed by analyzing the certified reference material (CRM) Seronorm™Trace Elements Serum L-2. The values of recovery are within an acceptable range for all analytes, which demonstrates that the described analytical procedure is fit for the intended purpose. 
Statistical Analysis
All statistical analyses were performed with Statistica 10 for Windows and RStudio software (R version 3.4.0, R Core Team, Vienna, Austria, 2017). Data were tested for normal distribution using the Shapiro-Wilk test. The Mann-Whitney test was used to compare the differences between groups with defects and a healthy group for all the studied parameters. Logistic regression analysis was used to assess the relationships between variables [24] . The probability function of the anomalies in neonates (e.g., birth defects, macrosomia, and newborn disorders) depending on the values of the elements and folate in the AF and MS was analyzed (Figures 1 and 2 ). The level of statistical significance was set to p < 0.05. Table 1 presents the demographic characteristics of the participants. The study population consisted of a total of 258 examined deliveries, of which 56% of the newborns were female and 44% were male. More than 70% of the women gave a normal vaginal birth, while nearly 30% delivered by cesarean section. The median maternal age was 29 years (range, 18-43 years). About 18% of the women were previously smoking and 5% continued smoking during pregnancy. Over 80% of the women had secondary and higher education and 75% declared their socioeconomic status as good or very good. In this study, we observed a neonatal abnormality rate of nearly 30% in the study population, including congenital birth defects (5.4%), macrosomia (8.1%), hypotrophy (10.9%), and newborn disorders (8.9%). In five cases, macrosomia or birth defects co-occurred with newborn disorders. Nearly 50% of the birth defects were cardiac-related, 30% skeletal defects, and 20% were other disorders (e.g., teratomas). Newborn disorders included cardiovascular, neurological, and respiratory dysfunctions.
Results
The levels of study elements and folate in AF and MS in groups with abnormalities were compared with healthy deliveries as previously published [21, 23] . The control group consisted of healthy women without birth defects or any chronic diseases such as diabetes and hypertension, not smoking, without alcohol abuse and preterm birth. The median age of the women, and the socioeconomic status and education in both groups were comparable (Tables 2-4 ). In MS, a significantly lower amount of Mg was found in the birth defects group (I) than that of normal subjects. Co was markedly lower in the group with macrosomia (II) than that of normal subjects. Newborn disorders (IV) were associated with a lower level of folate in the MS, and in the birth defects group (I) the level of folate was non-significantly reduced (p = 0.08). Comparison of levels of different trace elements in AF showed the greatest differences in the newborn disorders group (IV), where Al and Ba levels were higher than normal. Note: Min, minimum value; max, maximum value; SD, standard deviation. * p = 0.04 significant differences vs. healthy women [21] .
The probability function of the anomalies in neonates (e.g., birth defects, macrosomia, and newborn disorders) depending on the values of the elements and folate in the AF and MS was analyzed (Figures 1 and 2 ). It was found that the probability of birth defects decreased with an increase in Mg concentration in MS. An Mg level below 10,000 µgL −1 was related with a 20% probability of the occurrence of birth defects. In maternal serum the probability of macrosomia increased with a decrease in cobalt concentration. A cobalt level below 0.5 µgL −1 was related with a nearly 15% probability of the occurrence of birth defects. Moreover, the probability of newborn disorders increased with an increase in cadmium concentration in MS. A cadmium level over 0.5 µgL −1 was related with a nearly 20% probability of the occurrence of newborn disorders (Figure 1 
Note: Min, minimum value; max, maximum value; SD, standard deviation. * p < 0.05 significant differences versus healthy women [23] . Note: Min, minimum value; max, maximum value; SD, standard deviation. * p = 0.04 significant differences vs. healthy women [21] .
The probability function of the anomalies in neonates (e.g., birth defects, macrosomia, and newborn disorders) depending on the values of the elements and folate in the AF and MS was analyzed (Figures 1 and 2) . It was found that the probability of birth defects decreased with an increase in Mg concentration in MS. An Mg level below 10,000 µgL −1 was related with a 20% probability of the occurrence of birth defects. In maternal serum the probability of macrosomia increased with a decrease in cobalt concentration. A cobalt level below 0.5 µgL −1 was related with a nearly 15% probability of the occurrence of birth defects. Moreover, the probability of newborn disorders increased with an increase in cadmium concentration in MS. A cadmium level over 0.5 µgL −1 was related with a nearly 20% probability of the occurrence of newborn disorders (Figure 1 ). In AF the probability of birth defects decreased with an increase in folate concentration. A folate level below 10 µgL −1 was related with a nearly 10% probability of the occurrence of birth defects. It was found that the probability of birth defects increased with an increase in aluminum concentration in AF. In this study, an aluminum level over 300 µgL −1 was related with an over 10% probability of the occurrence of birth defects. The probability of macrosomia increased with a decrease in Figure 1 . Probability of congenital abnormalities related to element levels in maternal serum.
In AF the probability of birth defects decreased with an increase in folate concentration. A folate level below 10 µgL −1 was related with a nearly 10% probability of the occurrence of birth defects. It was found that the probability of birth defects increased with an increase in aluminum concentration in AF. In this study, an aluminum level over 300 µgL −1 was related with an over 10% probability of the occurrence of birth defects. The probability of macrosomia increased with a decrease in vanadium concentration in AF. In the study group a vanadium level below 0.2 µgL −1 was related with an over 10% probability of the occurrence of birth defects. Moreover, it was shown that the probability of newborn disorders increased with an increase in lead concentration in AF. A lead level over 50 µgL −1 was related with an over 10% probability of the occurrence of newborn disorders (Figure 2) .
The results of the logistic regression analysis showed that, among the selected factors, a high level of Al (β coefficient = −0.28; p = 0.02) and low level of folate in AF (β coefficient = 0.24; p = 0.01) were the best predictors of birth defects (I). In MS, a low concentration of Mg was related to an increased risk of birth defects (I) (β coefficient = 0.31; p = 0.007). Low levels of V in AF (β coefficient = 0.27; p = 0.03) and low levels of Co in MS (β coefficient = 0.26; p = 0.01) were associated with macrosomia (II). Moreover, high levels of Pb in AF (β coefficient = −0.6; p = 0.01) and Cd in MS (β coefficient = −0.15; p = 0.03) were predictors of newborn disorders (IV). Figures 1 and 2 show the probabilities of neonatal abnormalities with changing levels of elements and folate in AF and MS.
Nutrients 2019, 11, x FOR PEER REVIEW 7 of 12 vanadium concentration in AF. In the study group a vanadium level below 0.2 µgL −1 was related with an over 10% probability of the occurrence of birth defects. Moreover, it was shown that the probability of newborn disorders increased with an increase in lead concentration in AF. A lead level over 50 µgL −1 was related with an over 10% probability of the occurrence of newborn disorders ( Figure 2 ). Figures 1-7 show the probabilities of neonatal abnormalities with changing levels of elements and folate in AF and MS.
Discussion
In this study, we determined the association between trace elements and folate and fetal congenital anatomical defects, fetal growth abnormalities as well as neonatal disorders in a white/Caucasian population. According to the results, low concentrations of Mg, V, Co, and folate in MS and AF in addition to the exposure of pregnant women to Al, Pb, and Cd were associated with an increased risk of fetal and neonatal defects. To the best of our knowledge, this is the first study of Polish pregnant women to demonstrate this relationship.
Our results also showed that the probability of birth defects (over 50% related to cardiac defects) increased with low levels of Mg in MS. Mg is known to play a crucial role in maternal health and fetal development, which is confirmed by the results of this study. This essential mineral is necessary for the growth of the body and plays an important role in the metabolism of the fetus. Its deficiency in pregnancy may increase the risk of health disorders for both the mother and the newborn, such as mortality and morbidity, gestational diabetes, preterm labor, preeclampsia, and small for gestational age or intrauterine growth restriction [21, 25] . It is suggested that the influence of Mg on early development relates to the TRPM7 and TRPM6 ion channels that have been implicated in the control of the homeostasis of Mg ions. Gastrulation defects caused by the dysfunction of TRPM7 can be prevented by the supplementation of Mg2+, indicating its essential 
Our results also showed that the probability of birth defects (over 50% related to cardiac defects) increased with low levels of Mg in MS. Mg is known to play a crucial role in maternal health and fetal development, which is confirmed by the results of this study. This essential mineral is necessary for the growth of the body and plays an important role in the metabolism of the fetus. Its deficiency in pregnancy may increase the risk of health disorders for both the mother and the newborn, such as mortality and morbidity, gestational diabetes, preterm labor, preeclampsia, and small for gestational age or intrauterine growth restriction [21, 25] . It is suggested that the influence of Mg on early development relates to the TRPM7 and TRPM6 ion channels that have been implicated in the control of the homeostasis of Mg ions. Gastrulation defects caused by the dysfunction of TRPM7 can be prevented by the supplementation of Mg2+, indicating its essential role in gastrulation and neural fold closure [26] . An experimental study reported placental abnormalities in a mouse model of maternal deficiency of Mg. Placental defects may lead to poor placental perfusion, reduction in litter size, embryonic and neonatal loss, and growth restriction [7] . In mice, maternal hypomagnesemia did not change the activity of TRPM7 and TRPM6 ion channels but increased the expression of placental MagT1 transporter and Ca-selective channels (TRPV6), which probably increases the levels of Mg in the placenta and maintains its function in Mg deficiency [7] . It is not clear if this mechanism is also active during hypomagnesemia in pregnant women. Studies on Xenopus laevis have shown that Mg deficiency during embryogenesis inhibits the growth and development of head and heart [26] . Another experimental study indicates that chronic deficiency of Mg decreases in-cardiac tolerance for hypoxia [27] . It seems that a more moderate deficiency of Mg impacts on postnatal growth restriction [7] . Another study has shown that heart failure is related to hypomagnesemia in later life [25] . We found that a high level of Al in AF is related to newborn disorders and that the probability of birth defects increases with increasing levels of Al in AF. This suggests that maternal exposure to Al increases the risk of birth defects and other abnormalities. Al is a toxic metal which easily accumulates in the organism due to its fast intestinal absorption, organic distribution, and rather low excretion. It is transported across the placenta and then to the fetus, and the heart is a potential target of Al toxicity [28] . Results of some experimental studies show that maternal exposure to Al contributes to its bioaccumulation in the heart, which can induce clinical subtypes of congenital heart defects and other cardiac degeneration in offspring. This is potentially mediated by pro-inflammatory and pro-oxidant activities [28, 29] . In a recent study conducted with human participants, it has been found that high maternal levels of Al may significantly increase the risk of delivering a child with congenital heart defects or the child may grow up to experience cardiovascular diseases later in life [28, 29] .
The results of this study indicate that high levels of Pb and Cd in AF and MS are associated with newborn disorders (e.g., neurological, cardiovascular, and respiratory systems). Results from human studies have shown an association between As, Cd, Mn, and Pb pollution and their high levels in MS and congenital heart defects in the fetus [10, 30, 31] . Elevated levels of Pb in umbilical serum is related to oxidative stress and the occurrence of cardiovascular diseases in newborns [30] . Experimental studies have supported the evidence that Cd might impair placental blood circulation, inhibiting the transport of nutrients from the mother to the fetus [32] . Maternal exposure to Cd during organogenesis in mice disturbs transport of folate from the maternal circulation to the fetuses through the downregulation of placental folate transporters and may induce neural tube defects [33] . In turn, Wang et al. [34] suggest that maternal exposure to Cd during pregnancy decreases placental transport of Zn and induces fetal growth restriction in pregnant mice. In human studies, high levels of Cd in maternal urine is associated with low birth weight [35] . However, in this study, we did not find a connection between heavy metals and hypotrophy. The results obtained in experiments with rats suggested that adequate intake of Zn may protect against Cd toxicity [36] . Some authors suggest that the toxic effects of heavy metals on the organism depend on the variations in the metabolism of heavy metals across different populations [35] .
In this study, we found that V and Co are the important elements needed for fetal growth, and a low level of these elements is related to a high probability of macrosomia. V is an essential element and is necessary for the normal growth and development of bone and reproductive systems [37] . To our knowledge, this study is the first to suggest the association between low levels of V in AF and macrosomia. Other studies have confirmed a negative effect of prenatal exposure to V on preterm delivery, restricted birth weight, and increased risk of adverse birth outcomes [11, 37, 38] . However, we measured V in MS and AF and in several other studies V was assessed in the urine. The results obtained in this study may be related to the fact that macrosomia is strongly associated with pre-pregnancy overweight and obesity, and in obese people, low concentrations of V and Co have been reported [39] [40] [41] . Therefore, obese women with low levels of V and Co may be at high risk of fetal macrosomia. In a recent human study, it has been found that the level of Co in the placenta is a significant predictor of birth weight, which was demonstrated as a non-linear relationship between Co levels in the placenta with birth weight [42] .
The results of our study have confirmed that low maternal folate status during pregnancy is associated with a high risk of birth defects. Several studies have indicated that folate deficiency during embryogenesis in pregnancy is related to neural tube defects [16, 43, 44] . In addition, the risk of conotruncal cardiac defects increases with genetic disturbances in folate metabolism [16] . In congenital heart defects, elevated levels of homocysteine have been observed in neonates, which may be the result of disturbances in the folate metabolism in their mother [45] . However, a previous study did not demonstrate any significant relationship between MS folate status in the first trimester and birth defects [46] . The limitations of the study are: firstly, analysis of elements and folate only in serum and AF, not umbilical cord blood, which may better clarify the impact of essential and toxic elements and folate on the fetuses. Secondly, in this study, we included only women at delivery and a rather heterogeneous group of birth defects and fetal growth abnormalities. Furthermore, in the present study, we did not determine nutritional factors and environmental factors that may affect the concentrations of elements in the analyzed samples. Another limitation involves the maternal and obstetrical backgrounds which differ between the present and previous studies. The former study was designed to create reference ranges based only on healthy non-smoking women with normal growth pregnancies. The latter research also included smoking patients, women with chronic diseases, and pregnancy-related conditions. These are potential confounding factors which may affect essential and toxic elements and folate, and thus should be considered in the interpretation of the results and in future study designs.
Conclusions
In conclusion, low concentrations of Mg and folate in the MS and AF increase the risk of birth defects. Macrosomia is related to low levels of V in AF and Co in MS. Maternal exposure to Al is associated with birth defects, especially cardiac dysfunction. Furthermore, high levels of Pb and Cd in AF and MS increase the risk for neurological, cardiovascular, respiratory, and other disorders in newborns after birth. The results of this study indicate that essential and toxic elements are associated with fetal congenital anatomical defects and growth disorders. Our results provide directions for further research.
